Introduction {#sec1}
============

Overweight and obesity significantly increases the risk for all-cause mortality ([@bib1]) and recent worldwide estimates suggest \>600 million people are afflicted by obesity alone ([@bib2]). Several reports have described an inverse relationship between indices of obesity/adiposity and circulating concentrations of 25-hydroxyvitamin D \[25(OH)D\] ([@bib3]), providing evidence that overweight and obese individuals are at a greater risk than lean individuals for vitamin D insufficiency. As the noncalcitropic properties of vitamin D have been suggested to influence inflammation,hypertension, insulin resistance, and dyslipidemia ([@bib8]), the clinical burden of lower serum 25(OH)D concentrations in overweight and obese individuals may be significant.

The larger volume of adiposity in obesity has been suggested to reduce the bioavailability of the parent vitamin D compounds (cholecalciferol and ergocalciferol), via sequestration ([@bib9]) or volumetric dilution ([@bib10]). Still, these hypotheses are dependent on total vitamin D intake from both dermal production and dietary sources. While dietary intake of vitamin D is recommended ([@bib11]), cutaneous synthesis of vitamin D through ultraviolet B (UVB) exposure, mainly derived from sunlight, is believed to be the major source of vitamin D for several of the following reasons: *1*) there are very few nonfortified food sources of vitamin D, *2*) the epidermis rapidly produces cholecalciferol when exposed to UVB energy ([@bib12]), and *3*) diurnal patterns of circulating 25(OH)D concentrations are consistently observed during seasonal periods of high terrestrial UVB penetration ([@bib13]). However, sun exposure is rarely measured due to an inability to accurately measure or control factors affecting dermal production of cholecalciferol, e.g., skin pigmentation, genetics, latitude, use of sunscreen, cultural differences in dress, etc. ([@bib11]). Furthermore, sun exposure habits of overweight and obese populations have not been fully characterized.

Quantification of personal UVB exposure with polysulphone dosimeter badges has been applied to several recent studies investigating the contribution of sun exposure to circulating 25(OH)D concentrations ([@bib16]); however, these studies are mainly generalizable over a broad sampling of the local population and none have specifically targeted overweight and obese individuals. Furthermore, personal polysulphone dosimeters are not widely available for clinical practitioners, can become costly for large scale implementation, and do not take into account factors such as skin pigmentation, clothing, outdoor activity, and sun screen use that modulate cutaneous synthesis of vitamin D. Thus, sun exposure diaries have been used in conjunction with the polysulphone dosimeters to provide important information related to vitamin D synthesis ([@bib17], [@bib22]). A prior model developed by Hall et al. combined data from polysulphone dosimeter badges and exposure diaries in mostly normal-weight and college-aged (19--39 y) adults to estimate an individual sun exposure energy dose in joules ([@bib17]). The Hall model used a linear regression model including sun exposure dose, skin pigmentation, and vitamin D intake to estimate the additional vitamin D intake needed to meet serum 25(OH)D recommended concentrations. To our knowledge, the Hall model to predict serum 25(OH)D concentration has not been validated in a second population or in overweight and obese individuals. To test the utility of the model, we applied the regression equation to overweight and obese adults enrolled in a controlled feeding study ([@bib23]). The objectives of these analyses were to assess the validity of the Hall model in overweight and obese individuals consuming a known vitamin D content for a period of 12 wk and to develop a new model, if necessary, for overweight and obese individuals.

Subjects and Methods {#sec2}
====================

Study design {#sec2-1}
------------

The current study was a secondary analysis of a clinical trial investigating the inclusion of dairy foods in an energy-restricted diet; details of the parent project have been previously published ([@bib23]). Healthy women, age 20--45 y, and men, age 20--50 y, were enrolled in a 15-wk controlled feeding study in which all foods were provided or prepared by the Metabolic Food Laboratory at the Western Human Nutrition Research Center (WHNRC). The 15-wk study was divided into a 3-wk "run-in" period and a 12-wk energy reduction period (−500 kcal/d). Baseline measurements were measured at the conclusion of the run-in period and are referred to as week 3 measurements throughout the text. Postintervention measurements were conducted at the end of the 12-wk diet intervention period (overall study weeks 4--15) and referred to as week 15 measurements. More specific details regarding the dietary aspects of the study can be found in the published report ([@bib23]). All protocols were approved by the University of California, Davis, Institutional Review Board, and all subjects provided written consent. This study was registered with ClinicalTrials.Gov (NCT00858312).

Subject screening and selection {#sec2-2}
-------------------------------

Overweight and obese adult women and men were recruited from the greater Davis and Sacramento communities. The lower age limit for women was used to avoid hormonal changes associated with the perimenopausal period that might affect study outcomes. The BMI for all parcipants was between 28 and 37 kg/m^2^. All participants were habitually low-dairy consumers, defined as ≤1 serving of dairy/d, and had a total calcium intake ≤600 mg/d from all sources, including dairy products. Exclusion from the study was based on not meeting the age and dairy-serving criteria as well as an extensive list of endocrine and other medically related parameters. Of importance to this study, exclusion criteria included presence of active gastrointestinal disorders such as malabsorption syndromes, pregnancy or lactation, use of calcium supplements in the past 12 wk, and initiation of hormonal birth control or change in hormonal birth control regimen. A comprehensive list of all exclusion criteria can be found elsewhere ([@bib23]).

Subject randomization and treatment {#sec2-3}
-----------------------------------

Body composition was assessed during the run-in period; subjects were pair-matched based on percentage body fat and then randomly assigned to treatment group as follows: low dairy (≤1 serving/d) or adequate dairy (3--4 servings/d). Enrollment was continuous, with a new cohort starting approximately every 8 wk; volunteers were enrolled throughout the year. Since year-round enrollment would impact participant vitamin D status, participants were coded for the season in which they were enrolled into the study. Sample size per season is as follows: fall = 8, winter = 15, spring = 17, and summer = 23. Each cohort had a similar distribution of adequate and low dairy-consuming participants, so no treatments were weighted toward a particular season. Participant flowchart, including the final participant count used in this study, is provided as [**Figure 1**](#fig1){ref-type="fig"}. Participants self-identified their ethnic background as follows: Caucasian (57%), Hispanic (27%), African (8%), Asian (3%), Pacific Islander (2%), Native American (2%), and Other (2%).  Monetary compensation was provided to participants who completed the intervention.

![Consort diagram adapted from ([@bib23]).](nzz065fig1){#fig1}

Food intake {#sec2-4}
-----------

Diets for the treatment arms provided comparable levels of macronutrients and fiber, and approximated the average composition of caloric consumption in the United States (fat ∼35% of total energy, carbohydrates ∼49%, protein ∼16%; fiber 8--10 g/1000 kcal). Diets were monitored as follows: during the 3-wk run-in phase, subjects were required to eat 2 of the 3 meals/d at the WHNRC dining room; the third meal and all weekend meals were packed to go. The pattern of eating 2 of the 3 meals/d at the WHNRC continued during the first 2 wk of the energy restriction period (weeks 4--5). For weeks 6--12, subjects were "free living," but all food was weighed and provided by the Metabolic Food Laboratory staff for individual caloric needs. For the last 3 wk of the intervention (weeks 13--15), subjects returned to the WHNRC and once again ate 2 of 3 meals/d in the dining room. Based on a 2100-kcal menu, the adequate dairy diet included 3--4 servings of milk, yogurt, and cheese per day and the low diary diet had ≤1 serving of diary (e.g., milk, yogurt, or cheese) per day. Vitamin D content of the diet was determined by the Nutrition Data System for Research software (NDSR software version 2011) and expressed as daily intake in international units (IU). In the United States, fluid milk is routinely fortified with vitamin D ([@bib24]) and other dairy products (e.g., yogurt, cheeses) are selectively fortified ([@bib25]). Thus, the adequate-dairy group (320 ± 104 IU/d) had a significantly greater intake of vitamin D than the low-dairy group (128 ± 140 IU/d), as previously described ([@bib23]). Dietary intake of nutritional supplements were not permitted. Use of tanning beds was not specifically prohibited by the study protocol; however, participants were discouraged from using tanning beds and instructed to report any use. No participants reported tanning bed use during the study duration.

Body composition measurements {#sec2-5}
-----------------------------

Weight was measured on an electronic scale (Scaletronic model 6002) to the nearest 0.1 kg with subjects in light clothing, all jewelry removed, pockets emptied, and shoes removed. Height was measured using a wall-mounted stadiometer (Ayrton Stadiometer model S100) and recorded to the nearest 0.1 cm. BMI was calculated as kg/m^2^. Waist circumference was recorded to the nearest 0.1 cm and was determined in the standing position as the smallest horizontal circumference midway between the lower rib and the iliac crest at the end of a normal exhalation. The average of 2 readings was recorded for weight, height, and waist circumference. Lean and fat masses were assessed in overnight-fasted participants using a dual energy x-ray absorptiometry (DXA; GE Lunar, Prodigy Model) on weeks 3 and 15. Daily calibration procedures were carried out per manufacturer instructions. To reduce the variance in the measurement data, all DXA scans were analyzed by a single operator.

Intra-abdominal adipose tissue measurements {#sec2-6}
-------------------------------------------

Intra-abdominal adipose tissue (IAAT) was measured using computed tomography transabdominal slices (Siemens Somaton 16 Scanner). Measurements were made at the level of the L4--L5 intervertebral space ([@bib26]). Scan slices were 0.5 cm, with the subject in a supine position and arms stretched above the head. Measurements were made with no angulation and using a lateral pilot scout scan to determine proper location. Adipose tissue area was assessed using an attenuation range from −190 to −30 Hounsfield units. The IAAT measured included the adipose tissue contained in a measurement boundary formed by the most internal aspect of the abdominal and oblique muscle walls and the posterior aspect of the vertebral body. The IAAT measurements by computed tomography were made at weeks 3 and 15. All measurements were made following a 12-h overnight fast.

Serum vitamin D {#sec2-7}
---------------

Blood from overnight-fasted participants was drawn from the antecubital vein on weeks 3 and 15, and serum plasma samples were stored at −80°C until analyzed. Serum vitamin 25(OH)D was analyzed using standard RIA procedures (DiaSorin, Stillwater). Samples were processed in accordance with manufacturer\'s instructions: 25(OH)D was assayed using an equilibrium RIA procedure based on antibody with specificity for 25(OH)D. The sample, antibody, and tracer were incubated for 90 min at 20--25°C. Phase separation was accomplished after 20 min incubation at 20--25° with a second antibody precipitating complex. A nonspecific binder addition buffer was added after this incubation prior to centrifugation to aid in reducing the nonspecific binding. The WHNRC participates in the Vitamin D External Quality Assessment Scheme, and calibration standards of 25(OH)D from this program were analyzed in conjunction with participant samples. Mean intra-assay CV was 5.81%, while mean interassay CV was 5.99%.

Sun exposure diaries {#sec2-8}
--------------------

Sun exposure diaries were utilized as previously described ([@bib17]) ([**Figure 2**](#fig2){ref-type="fig"}). Each participant completed sun exposure diaries on 2 random days per week during the 12-wk intervention period. Recorded days were chosen randomly so that days of the week were equally distributed throughout the 12-wk intervention. Participants were given extra sun exposure diaries and instructed to record high--sun exposure time periods that were outside the required days. Binders were given to each participant containing a brief description of the study, information regarding vitamin D and sun exposure, a calendar with the recording days highlighted, an instructional page for the sun diaries, a clothing key for each body region, sun exposure diaries for each required day, and extra sun diaries. The sun exposure diaries contained key information to determine total UVB energy exposure and the percentage body surface area (BSA) exposed (BSAE), as shown in [Figure 2](#fig2){ref-type="fig"}A. Participants were instructed to only record their personal exposure during the hour in which they were exposed to sunlight for more than 5 min. Participants were instructed to note the location of the exposure in the second column as a city or specific geographical location (lake, mountain). Outdoor activity was recorded in the third column and participants were instructed to record simple activities (walking, sitting, biking, gardening, etc.). Participants were instructed to record their time outdoors as direct sun unless they were knowingly under a shaded area. On days with significant cloud cover, participants were instructed to record as if in direct sun unless specifically in a shaded area (i.e., outdoor tent, awning). Columns under the subheader "Body parts exposed to the sun" determined the % BSA of skin exposed to the sun which coincided with the body regions represented in the clothing key in [Figure 2](#fig2){ref-type="fig"}B. Participants recorded their clothing by marking the numerical option for each body region that corresponded to the amount of clothing worn during sun exposure. For example, a participant wearing no hat, a t-shirt, jeans, and tennis shoes would record the following: A-1, B-4, C-4, D-3. Participants were instructed to record their sunscreen use similarly to the recording of their clothing (i.e., sunscreen application on arms while wearing a t-shirt would be designated as a B-4), but only mark the hour of sunscreen application. Thus, if sunscreen was applied between 0800 and 0859, then the participant would mark that time regardless of whether they were exposed to the sun or not. Completed diaries were requested weekly during required WHNRC dining visits (e.g., weeks 4--5 and 13--15) and biweekly when subjects collected their packed-to-go meal. Diaries were reviewed for accuracy and completeness and, if necessary, participants were interviewed at their next available in-house meal/pick up to clarify details.

![Sun exposure diary (A) and clothing key (B) used in the current study.](nzz065fig2){#fig2}

Assessment of sun exposure dose {#sec2-9}
-------------------------------

The erythemally weighted UVB measurements from the USDA UVB Monitoring and Research Program (UVMRP) website ([@bib27]) were downloaded for each hour that participants recorded sun exposure. The UVMRP supports the UVB Monitoring Network, which comprises 37 domestic and international stations monitoring solar UV irradiance. For our purposes, we used measurements derived from the UVB-1 Pyranometer (Yankee Environmental Systems) that measures global irradiance in the UVB spectral range of 300--400 nm, which is weighted with the McKinlay and Diffey action spectrum ([@bib28]). Since the erythema action spectrum and vitamin D action spectrum overlap, these energy measurements are a good estimate of UV energy required to initiate cutaneous vitamin D synthesis. Furthermore, erythemally weighted irradiance (including both UVA and UVB spectrum) has been noted as a practical estimation for vitamin D synthesis ([@bib29]). The UVB-1 pyranometer measures UVB radiation as watts per square meter every 15 min and then reports 3-min averages. UVB data were downloaded in 1-h blocks corresponding to the hour time period in the sun exposure diaries. Downloaded data were averaged to determine a mean hourly UVB measurement for each hour of sun exposure. Most UVB measurements were collected from the University of California, Davis, Climate Station (38.5°N, 121.7°W; elevation 49 feet); however, measurements outside the northern California region were matched with regional climate stations and data were downloaded from the corresponding sites for specified sun exposure hours. The UVB measurements were then converted from W/m^2^ to J/m^2^. Each personal hourly UVB measurement was adjusted for percentage BSA exposed based on the daily clothing records. BSA (m^2^) was calculated using the Mosteller formula and percentage BSA. This resulted in an individual UVB dose expressed in joules for each time period recorded in the sun exposure diaries.

Skin reflectance assessment {#sec2-10}
---------------------------

Skin reflectance was assessed using a Minolta 2500d spectrophotometer (Konica Minolta Sensing). Measurements were taken at the beginning and end of the study at the following 3 sites; the dorsum of the right hand between the thumb and index finger, the middle upper inner right arm, and the middle of the forehead. Participants were seated and female subjects were asked to remove cosmetic products from their forehead if necessary. Each site was measured 3 times and the mean of each measurement was calculated. Measurements were expressed using the skin reflectance (L^\*^) value of the Commission International d\'Eclairage system. The L^\*^ value ranges from 0 to 100, with 0 indicating no reflected light (pure black) and a value of 100 indicating 100% reflectance or pure white.

Multiple linear regression model predicting serum 25(OH)D {#sec2-11}
---------------------------------------------------------

The Hall model to predict serum 25(OH)D included sun exposure badge (J), dietary vitamin D intake (IU), skin reflectance (L^\*^), and a dummy variable for season, coded as winter = 1, spring = 2, or summer = 3 ([@bib17]). $$\documentclass[12pt]{minimal}
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Data from the current study were entered into the Hall equation to obtain a predicted serum 25(OH)D concentration \[25(OH)D~PRED~\]. As we deviated from the Hall model in respect to sun exposure (i.e., polysulphone dosimeters were used to assess UVB energy by Hall et al. ([@bib17]), whereas we used ambient UVB measurements), we will refer to the Hall model as "^\*^Hall model" to indicate that we are testing a modified version of their linear regression. While we recognize that serum 25(OH)D concentrations are a function of the synthesis and metabolism of 25(OH)D, we assumed for this study that postintervention serum 25(OH)D concentrations were reflective of total sun exposure over the intervention period. Thus, we tested the ^\*^Hall model using total cumulative joules for all exposures over 12 wk (i.e., sum of all exposures). Since recorded days varied between subjects (range: 20--43, mean: 25.6), we also tested the ^\*^Hall model based on adjusting the cumulative joules for the number of recorded days. Lastly, prior research has shown differing amounts of time outdoors during weekdays compared with weekend days ([@bib22]); therefore, we also tested the ^\*^Hall model based on joules scaled for weekdays and weekends. The latter calculation is the sum of the total cumulative joules for both weekdays and weekends adjusted for their respective number of days with exposure.

Statistical methods {#sec2-12}
-------------------

All statistical analyses were performed using R version 3.4.1 ([@bib30]). Data were tested for normality and transformed as needed prior to statistical analysis. Paired *t* tests were used to determine differences between weeks 3 and 15. A *t* test for bias was used to evaluate the difference between measured serum \[25(OH)D~ACTUAL~\] and 25(OH)D~PRED~. Pearson correlation was used to compare associations among variables. Analysis of variance was used to compare differences by season. Multiple linear regression analyses were used to explore the contributions of sun exposure, dietary vitamin D intake, skin reflectance, and body composition variables (body weight, fat mass, percentage body fat, lean mass, android fat mass, gynoid fat mass, IAAT, BMI, and waist circumference) to 25(OH)D~ACTUAL~. The Akaike Information Criterion was used to estimate the quality of linear regressions in the backwards stepwise regression procedure. Multicollinearity among parameters in linear regression models was assessed by calculating variable inflation factor. Parameters were removed if the variable inflation factor was  \> 2. *P* values ≤ 0.05 were considered statistically significant.

Results {#sec3}
=======

Participant characteristics {#sec3-1}
---------------------------

Physical characteristics of the subjects at week 3 are shown in [**Table 1**](#tbl1){ref-type="table"}. The majority of participants were women and all were categorized as either overweight or obese according to BMI. Mean 25(OH)D concentrations were well below the recommended level, \>50 nmol/L. Eighty-five percent of participants (54/63) had 25(OH)D concentrations below 50 nmol/L, whereas 32% (20/63) had concentrations below deficient levels, \<25 nmol/L. Vitamin D intake at week 3 was below the current recommendation, 600 IU/d; however, the study was conducted and completed with the previous recommendation of 200 IU/d.

###### 

Physical characteristics at week 3 and week 15[^1^](#tb1fn1){ref-type="table-fn"}

  Parameter                                                                   Week 3         Week 15           *P*
  --------------------------------------------------------------------------- -------------- ----------------- --------
  Sex, F/M                                                                    46/17                            
  Age, yrs                                                                    32.7 ± 9.4                       
  Height, cm                                                                  167.5 ± 8.9                      
  Weight, kg                                                                  91.0 ± 10.5    85.0 ± 10.6       \<0.01
  Total fat mass, kg                                                          38.4 ± 7.5     33.2 ± 8.5        \<0.01
  Body fat, %                                                                 43.2 ± 6.7     40.1 ± 8.2        \<0.05
  Total lean mass, kg                                                         48.2 ± 9.0     47.4 ± 9.3        0.63
  Intra-abdominal adipose tissue,[^2^](#tb1fn2){ref-type="table-fn"} cc       38.5 ± 16.6    29.6 ± 12.8       \<0.01
  Waist circumference,[^3^](#tb1fn3){ref-type="table-fn"} cm                  94.3 ± 7.8     89.7 ± 7.5        \<0.01
  Gynoid fat, kg                                                              7.1 ± 1.6      6.2 ± 1.6         \<0.01
  Android fat, kg                                                             3.8 ± 0.9      3.2 ± 0.9         \<0.01
  BMI, kg/m^2^                                                                32.4 ± 2.6     30.3 ± 2.6        \<0.01
  25(OH)D, nmol/L                                                             34.8 ± 15.6    39.4 ± 14.2       0.08
  Skin reflectance,[^4^](#tb1fn4){ref-type="table-fn"} L^\*^                  59.8 ± 6.2     59.2 ± 6.4        0.59
  Vitamin D intake, IU/d                                                      189.9 ± 21.7   233.2 ± 96.5      \<0.01
  Total sun exposure,[^5^](#tb1fn5){ref-type="table-fn"} J                                   5082.3 ± 4901.9   
  Average recorded daily sun exposure,[^6^](#tb1fn6){ref-type="table-fn"} J                  358.6 ± 357.7     
  Scaled total sun exposure,[^7^](#tb1fn7){ref-type="table-fn"} J                            765.4 ± 744.5     
  Average time outside,[^8^](#tb1fn8){ref-type="table-fn"} min                               20.2 ± 10.5       
  Skin area exposed, %                                                                       21.5 ± 8.4        

Values are means ± SDs unless noted. *n* = 63 unless noted. *P*-value derived from Student\'s t-test, *P* \< 0.05). 25(OH)D, 25-hydroxyvitamin D.

*n* = 60, week 3; *n* = 61, week 15.

*n* = 62, week 3; *n* = 59, week 15.

Average between forehead and hand skin reflectance.

Cumulative joules over 12-wk study period.

Cumulative joules/number of days with recorded exposure.

Weekday and weekend scaled sun exposure. Sum of the cumulative weekday and weekend joules adjusted for number of recorded days.

Average of the time in direct sun per participant.

Week 15 outcomes were used for model validation and model development as shown in [Table 1](#tbl1){ref-type="table"}. All body composition markers except total lean mass were reduced after the intervention. Serum 25(OH)D levels rose slightly but were not statistically significant (*P* = 0.089). There was no change in skin pigmentation (*P* = 0.595), but there was a significant change in vitamin D intake (*P* \< 0.01) due to the increased dairy intake as part of the intervention protocol of the parent study. As these data were derived from an intervention utilizing dairy foods, the difference in vitamin D intake is likely driven by half of the cohort consuming greater servings of food products fortified with vitamin D. By week 15, 83% (52/64) of participants still had serum 25(OH)D concentrations \<50 nmol/L, and only 14% (9/63) had concentrations \<25 nmol/L.

BMI significantly correlates to total sun exposure in overweight and obese adults {#sec3-2}
---------------------------------------------------------------------------------

Total sun exposure varied widely across subjects regardless of the calculation method ([Table 1](#tbl1){ref-type="table"}). There was a highly significant (*P* \< 0.0001) relationship between sun exposure and the sun exposure index (SEI), (body surface area exposed × time outside) and between sun exposure and serum 25(OH)D (*P* = 0.040) ([**Table 2**](#tbl2){ref-type="table"}). Total fat mass, android fat, and BMI had a significant (*P* = 0.019) and negative correlation with total sun exposure. All other markers of adiposity, although not significant, also showed an inverse association with sun exposure. Although SEI was not quite statistically significantly associated with serum 25(OH)D concentrations (*P* = 0.061), percentage BSAE was strongly associated with serum 25(OH)D concentrations ([Table 2](#tbl2){ref-type="table"}). Several body composition markers, including percentage body fat, total fat mass, gynoid fat, android fat, intra-abdominal adipose tissue, and BMI, and waist circumference were negatively correlated with either SEI, average time outside, or percentage BSAE, whereas serum 25(OH)D was negatively correlated only with intra-abdominal adipose tissue and waist circumference ([Table 2](#tbl2){ref-type="table"}).

###### 

Pearson correlation coefficients relating total sun exposure to outcome multiple variables[^1^](#tb2fn1){ref-type="table-fn"}

  Parameters                                                              Sun exposure[^2^](#tb2fn2){ref-type="table-fn"}   SEI[^3^](#tb2fn3){ref-type="table-fn"}   Avg time outside[^4^](#tb2fn4){ref-type="table-fn"}   Skin area exposed   Serum 25(OH)D
  ----------------------------------------------------------------------- ------------------------------------------------- ---------------------------------------- ----------------------------------------------------- ------------------- ---------------
  SEI[^3^](#tb2fn3){ref-type="table-fn"}                                  0.94^\*\*^                                                                                                                                                           
  Average time outside,[^4^](#tb2fn4){ref-type="table-fn"} min            0.48^\*\*^                                        0.62^\*\*^                                                                                                         
  Skin area exposed, %                                                    0.46^\*\*^                                        0.42^\*\*^                               0.22                                                                      
  25(OH)D, nmol/L                                                         0.26^\*^                                          0.24                                     0.19                                                  0.39^\*\*^          
  Skin reflectance, L^\*^                                                 −0.16                                             −0.20                                    −0.12                                                 −0.15               0.25^\*^
  Dietary vitamin D intake, IU                                            −0.15                                             −0.15                                    −0.17                                                 −0.10               −0.14
  Percentage body fat                                                     −0.23                                             −0.37^\*\*^                              −0.32^\*^                                             −0.29^\*^           −0.11
  Fat mass, kg                                                            −0.28^\*^                                         −0.38^\*\*^                              −0.28^\*^                                             −0.30^\*^           −0.08
  Lean mass, kg                                                           0.02                                              0.13                                     0.21                                                  −0.14               0.12
  Gynoid fat, kg                                                          −0.22                                             −0.33^\*^                                −0.20                                                 −0.19               0.11
  Android fat, kg                                                         −0.28^\*^                                         −0.36^\*\*^                              −0.22                                                 −0.30^\*^           −0.16
  Intra-abdominal adipose tissue,[^5^](#tb2fn5){ref-type="table-fn"} cc   −0.15                                             −0.07                                    0.11                                                  −0.40^\*\*^         −0.31^\*^
  Weight, kg                                                              −0.21                                             −0.20                                    −0.02                                                 −0.11               0.07
  BMI, kg/m^2^                                                            −0.32^\*^                                         −0.39^\*\*^                              −0.27^\*^                                             −0.26^\*^           −0.09
  Waist circumference,[^6^](#tb2fn6){ref-type="table-fn"} cm              −0.19                                             −0.18                                    −0.10                                                 −0.16               −0.26^\*^

Values are Pearson\'s correlation coefficients. ^\*^*P* value ≤ 0.05; ^\*\*^*P* value ≤ 0.01. *n* = 63 unless otherwise noted. 25(OH)D, 25-hydroxyvitamin D; Avg, average; IU, international units; SEI, sun exposure index;

Cumulative joules over 12-wk study period.

Time outside × body surface area.

Average of the time in direct sun per participant.

*n* = 61.

*n* = 59.

Based on the recorded diary entries, participants averaged 20.2 min in direct sun with an average percentage BSA of 21.5% ([Table 1](#tbl1){ref-type="table"}). Average time in direct sunlight and SEI did not statistically differ across seasons ([**Figure 3**](#fig3){ref-type="fig"}**A** and **B**), whereas percentage BSA was higher in spring and summer than in winter ([Figure 3](#fig3){ref-type="fig"}C). When accounting for sun exposure (i.e., UVB energy), participants enrolled during spring and summer months received greater cumulative sun exposure energy relative to participants enrolled during fall and winter ([Figure 3](#fig3){ref-type="fig"}D). When adjusting for the total observation days, cumulative sun exposure energy values for participants enrolled in summer months were still greater than those for participants enrolled in winter and fall, whereas the energy values for spring enrollees were only greater than those for winter enrollees ([Figure 3](#fig3){ref-type="fig"}E). Scaling sun exposure based on weekday and weekend exposure resulted in greater sun exposure in spring and summer relative to fall and winter ([Figure 3](#fig3){ref-type="fig"}F). No difference by season was observed for serum 25(OH)D concentrations, skin reflectance, and dietary vitamin D intake ([**Figure 4**](#fig4){ref-type="fig"}**A--C**).

![Seasonal differences in average time outside (A), sun exposure index (SEI) (B), body surface area exposed (C), cumulative joules over the 12-wk study period (D), cumulative joules/number of days with recorded exposure (E), and weekday and weekend scaled sun exposure (sum of the cumulative weekday and weekend joules adjusted for number of recorded days) (F). Fall (*n* = 8), winter (*n* = 15), spring (*n* = 17), summer (*n* = 23). Groups without a common letter differ by Dunn\'s test (*P *\< 0.05).](nzz065fig3){#fig3}

![Seasonal differences in postintervention serum 25-hydroxyvitamin D \[25(OH)D\] concentrations (A), skin reflectance measurements (B), and dietary vitamin D intakes (C). Fall (*n* = 8), winter (*n* = 15), spring (*n* = 17), summer (*n* = 23). Groups without a common letter differ by Dunn\'s test (*P *\< 0.05).](nzz065fig4){#fig4}

Predicted serum 25(OH)D concentrations in overweight and obese participants were overestimated by the ^\*^Hall model {#sec3-3}
--------------------------------------------------------------------------------------------------------------------

We tested the difference between 25(OH)D~PRED~ and 25(OH)D~ACTUAL~ for bias (H~A~: difference between predicted and actual does not equal 0) using 3 different sun exposure calculations ([**Table 3**](#tbl3){ref-type="table"}). Using the total accumulation of recorded sun exposure energy, the ^\*^Hall model resulted in a mean 25(OH)D~PRED~ of 120.36 ± 42.12 nmol/L, which resulted in an overestimation of 25(OH)D concentrations by an average of 80.98 ± 4.83 nmol/L ([Table 3](#tbl3){ref-type="table"}). Similarly, adjusting the cumulative recorded sun exposure energy by the number of days resulted in a mean 25(OH)D~PRED~ of 66.71 ± 22.81, resulting in an overestimation average of 27.33 ± 2.94 nmol/L ([Table 3](#tbl3){ref-type="table"}). When adjusting for exposures occurring on weekdays and weekends, the ^\*^Hall model resulted in a mean 25(OH)D~PRED~ of 78.28 ± 26.73 and overestimated 25(OH)D concentrations by an average of 38.89 ± 3.26 nmol/L ([Table 3](#tbl3){ref-type="table"}).

###### 

Comparison of predicted serum 25(OH)D from ^\*^Hall regression model compared to measured week 15 serum 25(OH)D concentrations[^1^](#tb3fn1){ref-type="table-fn"}

  Model                                                                  Average bias       *t* value   *P*
  ---------------------------------------------------------------------- ------------------ ----------- ----------
  With season[^2^](#tb3fn2){ref-type="table-fn"}                                                        
   Total sun exposure,[^4^](#tb3fn4){ref-type="table-fn"} J              80.98 ± 4.83^a^    16.76       \<0.0001
   Average recorded sun exposure,[^5^](#tb3fn5){ref-type="table-fn"} J   27.33 ± 2.94^b^    9.29        \<0.0001
   Scaled total sun exposure,[^6^](#tb3fn6){ref-type="table-fn"} J       38.89 ± 3.26^b^    11.93       \<0.0001
  Without season[^3^](#tb3fn3){ref-type="table-fn"}                                                     
   Total sun exposure,[^4^](#tb3fn4){ref-type="table-fn"} J              143.78 ± 6.63^a^   21.70       \<0.0001
   Average recorded sun exposure,[^5^](#tb3fn5){ref-type="table-fn"} J   61.30 ± 3.06^c^    20.04       \<0.0001
   Scaled daily sun exposure,[^6^](#tb3fn6){ref-type="table-fn"} J       78.87 ± 3.61^b^    21.85       \<0.0001

Bias calculated as follows: predicted 25-hydroxyvitamin D minus measured 25-hydroxyvitamin D. Average bias is expressed as mean ± SE. Average bias values without a common letter differ (Tukey test). The *t* value is relative distance between 0 and bias. *P* value derived from Student\'s *t* test. *P* \< 0.05 considered statistically significant. 25(OH)D, 25-hydroxyvitamin D.

Full model with season variable calculated as follows: ln 25(OH)D = 1.57739 + (1.12760 × badge^0.1^) + (0.12436 × ln dietary D) + (0.0000003754065 × skin reflectance^3.4^) − (0.57209 × winter) − (0.60856 × spring) − (0.37243 × summer).

Full model without season variable calculated as follows: ln 25(OH)D = 1.57739 + (1.12760 × badge^0.1^) + (0.12436 × ln dietary D) + (0.0000003754065 × skin reflectance^3.4^).

Cumulative joules over 12-wk study period.

Cumulative joules /number of days with recorded exposure.

Weekday and weekend scaled sun exposure. Sum of the cumulative weekday and weekend joules adjusted for number of recorded days.

Dropping the seasonal parameter from the ^\*^Hall model predicted higher 25(OH)D concentrations compared with models including the seasonal variable ([Table 3](#tbl3){ref-type="table"}). Generally, bias between the predicted and actual 25(OH)D was 1.7--2.2 times higher in the model without the season variable, depending how sun exposure was calculated.

Greatest explained variance in serum 25(OH)D concentrations when intra-abdominal adipose tissue was included with sun exposure and skin reflectance {#sec3-4}
---------------------------------------------------------------------------------------------------------------------------------------------------

Because we observed a significant bias between 25(OH)D~PRED~ and actual 25(OH)D~ACTUAL~ using the ^\*^Hall model, we developed a new model to predict serum 25(OH)D in overweight and obese adults. When forcing all parameters from the ^\*^Hall model into the regression analysis, only 16% of the variance in week 15 serum 25(OH)D concentrations was explained ([**Table 4**](#tbl4){ref-type="table"}). Using backward stepwise regression, we selected total sun exposure, skin reflectance, total fat mass, total lean mass, intra-abdominal adipose tissue, and waist circumference as predictors; however, waist circumference was dropped from the model after assessment of the variable inflation factor calculations for multicollinearity. The final regression model, shown in [Table 4](#tbl4){ref-type="table"}, explained 29% of the variance in week 15 serum 25(OH)D concentrations. When forcing total sun exposure, skin reflectance, and a single body composition measurements into regression models, a model including IAAT explained the most variance in week 15 serum 25(OH)D concentrations (23.4%) relative to other models ([**Table 5**](#tbl5){ref-type="table"}).

###### 

Multiple linear regression models explaining week 15 serum 25(OH)D concentrations in overweight and obese adults[^1^](#tb4fn1){ref-type="table-fn"}

  Model                                                             Coefficient estimate   *t* value   *P*      *R* ^2^
  ----------------------------------------------------------------- ---------------------- ----------- -------- ---------
  Parameters from ^\*^Hall model                                                                                0.161
   Intercept                                                        1.07 ± 18.1            0.06        0.953    
   Sun exposure,[^2^](#tb4fn2){ref-type="table-fn"} J               0.0009 ± 0.0004        2.29        \<0.05   
   Dietary vitamin D,[^3^](#tb4fn3){ref-type="table-fn"} IU/d       −0.01 ± 0.02           −0.57       0.570    
   Skin reflectance,[^4^](#tb4fn4){ref-type="table-fn"} L^\*^       0.63 ± 0.28            2.28        \<0.05   
   Winter                                                                                               Ref     
   Spring                                                           −2.09 ± 5.09           −0.41       0.683    
   Summer                                                           −1.73 ± 4.8            −0.36       0.720    
   Fall                                                             −0.85 ± 6.01           −0.14       0.887    
  Backward stepwise regression[^5^](#tb4fn5){ref-type="table-fn"}                                               0.291
   Intercept                                                        −26.59 ± 22.27         −1.19       0.237    
   Sun exposure,[^2^](#tb4fn2){ref-type="table-fn"} J               0.0008 ± 0.0003        2.32        \<0.05   
   Skin reflectance,[^4^](#tb4fn4){ref-type="table-fn"} L^\*^       0.84 ± 0.28            3.00        \<0.01   
   Total fat mass, kg                                               0.11 ± 0.21            0.52        0.605    
   Total lean mass, kg                                              0.40 ± 0.19            2.08        \<0.05   
   Intra-abdominal adipose tissue, cc                               −0.36 ± 0.13           −2.70       \<0.01   

*n* = 63 unless noted. Values are coefficient estimate ± coefficient SE. *t* value is relative distance between 0 and the coefficient. *P* value derived from Student\'s *t* test, *P* \< 0.05). 25(OH)D, 25-hydroxyvitamin D; Ref, reference.

Cumulative joules per participant.

Daily vitamin D intake.

Mean of average of forehead and hand L^\*^ reflectance per participant.

Predictive variables included sun exposure, skin reflectance, dietary vitamin D consumption, body weight, percentage body fat, total fat mass, total lean mass, android fat mass, gynoid fat mass, intra-abdominal adipose tissue, BMI, and waist circumference; backward stepwise regression with selection criteria based on Akaike information criterion. *n* = 61.

###### 

Multiple linear regression models explaining week 15 serum 25(OH)D concentrations in overweight and obese adults[^1^](#tb5fn1){ref-type="table-fn"}

  Model                                                                             Coefficient estimate   *t* value   *P*      *R* ^2^
  --------------------------------------------------------------------------------- ---------------------- ----------- -------- ---------
  Base model                                                                                                                    0.153
   Intercept                                                                        −3.81 ± 16.19          −0.24       0.815    
   Sun exposure,[^2^](#tb5fn2){ref-type="table-fn"} J                               0.0009 ± 0.0003        2.55        \<0.05   
   Skin reflectance,[^3^](#tb5fn3){ref-type="table-fn"} L^\*^                       0.65 ± 0.27            2.46        \<0.05   
  Base model with IAAT included[^4^](#tb5fn4){ref-type="table-fn"}                                                              0.234
   Intercept                                                                        0.67 ± 17.58           0.04        0.970    
   Sun exposure,[^2^](#tb5fn2){ref-type="table-fn"} J                               0.0008 ± 0.0003        2.24        \<0.05   
   Skin reflectance,[^3^](#tb5fn3){ref-type="table-fn"} L^\*^                       0.74 ± 0.28            2.64        \<0.05   
   IAAT, cc                                                                         −0.31 ± 0.13           −2.31       \<0.05   
  Base model with lean mass included                                                                                            0.183
   Intercept                                                                        −21.11 ± 19.84         −1.06       0.292    
   Sun exposure,[^2^](#tb5fn2){ref-type="table-fn"} J                               0.0009 ± 0.0003        2.60        \<0.05   
   Skin reflectance,[^3^](#tb5fn3){ref-type="table-fn"} L^\*^                       0.73 ± 0.27            2.72        \<0.01   
   Total lean mass, kg                                                              0.27 ± 0.18            1.48        0.144    
  Base model with waist circumference included[^5^](#tb5fn5){ref-type="table-fn"}                                               0.172
   Intercept                                                                        29.46 ± 30.66          0.96        0.341    
   Sun exposure,[^2^](#tb5fn2){ref-type="table-fn"} J                               0.0008 ± 0.0004        2.11        \<0.05   
   Skin reflectance,[^3^](#tb5fn3){ref-type="table-fn"} L^\*^                       0.62 ± 0.3             2.05        \<0.05   
   Waist circumference, cm                                                          −0.34 ± 0.24           −1.42       0.163    
  Base model with fat mass included                                                                                             0.154
   Intercept                                                                        −2.17 ± 17.52          −0.12       0.902    
   Sun exposure,[^2^](#tb5fn2){ref-type="table-fn"} J                               0.0009 ± 0.0004        2.37        \<0.05   
   Skin reflectance,[^3^](#tb5fn3){ref-type="table-fn"} L^\*^                       0.66 ± 0.27            2.45        \<0.05   
   Total fat mass, kg                                                               −0.05 ± 0.21           −0.26       0.797    

*n* = 63 unless noted. Values are coefficient estimate ± coefficient SE. The *t* value is relative distance between 0 and the coefficient. *P* value derived from Student\'s *t* test, *P* \< 0.05. 25(OH)D, 25-hydroxyvitamin D; IAAT, intra-abdominal adipose tissue,

Cumulative joules per participant.

Mean of average of forehead and hand L^\*^ reflectance per participant.

*n* = 61.

*n* = 59.

Discussion {#sec4}
==========

It is recognized that vitamin D deficiency is an independent risk factor associated with obesity ([@bib8], [@bib31], [@bib32]). Similar to several cross-sectional studies that have observed reduced circulating 25(OH)D concentrations in relation to increased markers of adiposity ([@bib6], [@bib33]), we found an inverse relationship between serum 25(OH)D concentrations and indices of visceral fat (IAAT and waist circumference). A prior study showed that obese individuals had lower circulating vitamin D concentrations compared to lean individuals after exposure to UVB radiation from a walk-in radiation chamber, suggesting that the parent vitamin D compound is sequestered in the larger volume of adiposity in obese participants ([@bib9]). While that experiment provided evidence for sequestration of the parent compound in adipose tissue, it does not address sun exposure behaviors that may limit exposure to ambient UVB energy needed to produce dermal synthesis of vitamin D in overweight and obese populations. To our knowledge, this study is the first to objectively measure ambient sun exposure in this population and relate it to serum 25(OH)D concentration. We estimated ambient exposure to UVB energy (i.e., sun exposure) using key information obtained from sun exposure diaries to assess time in direct sun, location of sun exposure, and clothing worn and found that UVB energy significantly correlated to serum 25(OH)D concentrations in overweight and obese individuals with low vitamin D intakes. Interestingly, sun exposure, as a function of UVB energy, negatively correlated to BMI in this group, and this negative relationship becomes more widespread among other adiposity measures when focusing on nonenergy indicators of sun exposure (e.g., time outside, percentage BSA exposed, SEI). Our data suggest that even within obese populations, sun exposure and potential sun exposure behavior are reduced with increasing levels of adiposity, further contributing to the risk of vitamin D insufficiency in this population.

We conducted a secondary analysis of a randomized trial investigating the inclusion of dairy products to increase weight loss in overweight and obese study participants. A strength of this approach was the controlled feeding, so vitamin D intake was controlled and known over the course of the study. Dietary vitamin intakes were minimal and did not correlate to serum 25(OH)D concentrations. In contrast, sun exposure significantly correlated to serum 25(OH)D concentrations. Still, sun exposure levels measured in this study were inadequate to raise average serum 25(OH)D over the intervention period, even though the majority of individuals (64%) were enrolled during the spring and summer seasons and averaged 20 min/d for a recorded exposure. Recent estimates in the United Kingdom suggest 9--25 min of daily sun exposure per day (for skin types I and V, 35% BSA exposed with cloudless sun exposure around solar noon) between March and September would ensure 97.5% of the population had circulating 25(OH)D concentrations \>89.6 nmol/L ([@bib36], [@bib37]). The central valley of California, where Sacramento and Davis are located, has mild winters and a long, hot, and dry summer with very little cloud cover. The region\'s latitude is located 12° lower than that of the United Kingdom and also has a high to very high daily UV index between April and October. Thus, it is surprising that the sun exposure level in this study did not appreciably increase serum 25(OH)D concentration during the summer and fall seasons. While our data do not meet all of the assumptions of the UK studies ([@bib36], [@bib37]), they suggest that overweight and obese participants in our study may need significantly greater exposure times to meet a similar circulating 25(OH)D concentration, even at lower latitudes with abundant sun.

We found that the ^\*^Hall model ([@bib17]), which only accounts for sun exposure, dietary vitamin D intake, skin pigmentation, and season, significantly overestimated serum 25(OH)D concentrations in overweight and obese adults enrolled in our study. This finding was not entirely surprising and is likely an effect of reduced circulating 25(OH)D concentrations in overweight and obese individuals assessed in the current study compared to the normal-weight participants in the Hall study. Still, the discrepancy could also be partially explained by the fact that the prior study measured UVB energy with polysulphone dosimeters compared to targeted ambient UVB energy measurements in this study. Daily personal UVB exposure from polysulphone dosimeters has been compared to total daily ambient UVB measurements and it was found that differences were more apparent in summer months and at lower latitudes ([@bib38]). We used the approach of downloading ambient UVB measurements at specific exposure times, but Hall\'s approach ([@bib38]) suggests that ambient measurements may not be completely accurate depending on several circumstances. Participants in the study by Hall et al. ([@bib17]) also recorded sun exposure using the same sun exposure diary employed in the current study and found concordant results between polysulphone dosimeters and ambient measurements (L Hall, unpublished results, 2008). Regardless, we were able to explain at least 29% of the variance in serum 25(OH)D concentrations by including sun exposure, skin reflectance, and several body composition parameters in a linear regression model. This is in line with other studies modeling indices of UVB energy--based measurements of sun exposure ([@bib39], [@bib40]). A diary approach is also more amenable to clinical applications because it requires few additional resources (e.g., polysulphone badges) and can be adapted to an easy-to-use mobile app to reduce subject burden. Thus, validating this approach or those of other diary-based methods may allow researchers and clinicians to quantitatively measure vitamin D equivalent sun exposure doses to optimize serum 25(OH)D concentrations.

Seasonal differences in circulating 25(OH)D concentrations are dependent on seasonal oscillations in solar energy and amplified with increasing latitudes ([@bib41]); however, we did not find any seasonal difference in serum 25(OH)D as previously observed or predicted in other studies investigating obese populations ([@bib42]). Dermal exposure to UVB energy was greatest in spring and summer, mirroring studies using polysulphone dosimeters ([@bib18], [@bib21], [@bib46]). Those studies also saw a transient increase in circulating 25(OH)D concentrations in the fall, which we did not observe. Previous work revealed that individuals with greater total fat have a blunted seasonal variation in serum 25(OH)D concentrations relative to those with lower total fat ([@bib42]). This would partially explain our findings; however, we also had fewer fall enrollees and were likely underpowered to identify seasonal differences. Future studies are needed to confirm our findings and verify the lack of seasonal differences in serum 25(OH)D in overweight and obese individuals.

We developed a new prediction model of serum 25(OH)D concentrations that included sun exposure, skin reflectance, total fat mass, total lean mass, and intra-abdominal adipose tissue. Interestingly, vitamin D intake was not selected as a predictor in this model, likely due to the low intake levels. Similar to our results, a report from Australia showed that vitamin D intake (from oily fish) was not retained in backward stepwise regression models that also included sun exposure from polysulphone dosimeters, skin reflectance (hand), BMI, and several other factors ([@bib47]). Combined with our study, this line of evidence suggests that dietary sources of vitamin D minimally affect circulating 25(OH)D levels and that sun exposure is the major contributor. It should be noted that the admission of vitamin D supplementation was retained in models developed by Kimlin et al. ([@bib47]), suggesting the reliance of supplementation if adequate sun exposure is not achieved or recommended. These studies also demonstrate the need to account for body composition when assessing circulating 25(OH)D concentration. Our study indicates that measurements of visceral fat explained more of the variability in serum 25(OH)D than did the other adiposity indices. Other investigators have also noted significant correlations between circulating 25(OH)D and visceral fat ([@bib4], [@bib48]), suggesting that the lower concentrations of circulating 25(OH)D observed in obesity may be related to the accumulation of visceral fat, rather than total fat. To our knowledge, this has not been rigorously studied and warrants further investigations.

While this study has several strengths, e.g., objective measurements of sun exposure in a vulnerable population and known vitamin D intake, there are several limitations that must be addressed. Primarily, this is a secondary analysis of a clinical trial, so our analyses may be underpowered. Subjects also lost weight during the trial and we did not account for this effect on serum 25(OH)D concentrations. While we saw no differences between week 3 and week 15 25(OH)D concentrations, a recent meta-analysis suggests that 25(OH)D increases with reductions of weight and fat mass ([@bib49]). It is recognized that individuals generally underestimate report food intake ([@bib50]), thus a strength of our study in terms of assessing vitamin D intake; however, the sun exposure diaries have not been rigorously tested and inherent biases toward over- or under-reporting is not currently known. Additionally, we collected information regarding sunscreen application and SPF levels, however, these data were not included in the model. Also, sun exposure conditions at climate stations may not reflect the exact conditions encountered by the participant at a given exposure time. A pyranometer measures UV radiation on flat and horizontal planes in unshaded areas, which does not represent the human shape. Lastly, the BSA calculation does not take into account areas of the body shaded by arms and other body areas, or body areas not in the direct angle of the sun. For these reasons, total sun exposure energy may be overestimated in our models.

In conclusion, the ^\*^Hall model did not accurately predict serum 25(OH)D concentrations in overweight and obese individuals. The previously reported dietary vitamin D intake recommendation of 200 IU/d was a poor predictor of 25(OH)D, whereas body composition variables may be important contributors to the prediction of serum 25(OH)D. We suggest a predictive model that includes sun exposure, skin reflectance, and several body composition variables to predict serum 25(OH)D in overweight and obese individuals.
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